Background: Prediction of diagnosis of ventilator-associated pneumonia (VAP) remains difficult. Our aim was to assess the value of biomarker kinetics in VAP prediction.
Background
Ventilator-associated pneumonia (VAP) is usually caused by bacteria and is the most common serious intensive care unit (ICU)-acquired infection in patients undergoing invasive mechanical ventilation [1] . The widespread implementation of several preventive measures is, at least in part, associated with the observed decrease in VAP incidence [2] .
One of the most challenging problems in VAP is its correct identification, resulting from the lack of a "gold standard" method of diagnosis [1] . The commonly used criteria are too sensitive but poorly specific [3] ; as a result, up to 50 % of patients diagnosed with VAP do not have the condition and up to 30 % of cases of VAP are not correctly identified [4] .
The accuracy of several biomarkers in the diagnosis and management of infection, namely VAP, have been evaluated repeatedly [5] [6] [7] [8] [9] expressed on myeloid cells (sTREM-1), C-reactive protein (CRP) and procalcitonin (PCT) being the most frequently studied.
The majority of the published studies assessed the usefulness of a single biomarker measurement in VAP diagnosis [3, 10] . Few have studied the value of serial measurements in the assessment of VAP, either before the diagnosis or after initiation of antibiotic therapy. In addition, these studies on biomarkers present discordant results [11] [12] [13] [14] , not achieving sufficient specificity or sensitivity to be routinely employed in clinical practice.
Our hypothesis was that the course of plasma concentrations of biomarkers after endotracheal intubation and invasive mechanical ventilation could be useful in VAP prediction. With that purpose, we assessed the predictive performance of kinetics of several biomarkers, namely CRP, PCT and MR-proADM, in all non-infected patients during the first 6 days of mechanical ventilation. Besides we also assessed the diagnostic performance of a single biomarker measurement at the day of VAP diagnosis.
Methods

Study design
The BioVAP study (biomarkers in the diagnosis and management of VAP) is a prospective, multicenter, observational study, designed to evaluate the additional information biomarkers can bring in the clinical decisionmaking process of VAP at the bedside (NCT02078999). The ICU recruitment was by direct invitation with no financial incentive. Local hospital ethics committees approved the study design, and written informed consent was obtained from all patients or their legally authorized surrogates in accordance with local requirements.
Study subjects
During the study period (September 2008 till September 2010), all patients admitted to the participating ICU were screened for inclusion if they were mechanically ventilated for >72 h. A total of 211 included adult (>18 years) patients were divided into three groups: (1) non-infected, (2) pulmonary infection and (3) non-pulmonary infection (for details, see Fig. 1 ; Additional file 1). For each patient, only the first ICU admission and the first VAP episode were included in the study.
Data collection and management
Data collection included demographic data and comorbid diseases (for data management, see Additional file 1). Clinical and laboratory data, namely the reason of mechanical ventilation at ICU admission, were recorded. The Simplified Acute Physiology Score (SAPS) II [15] was calculated from the worst values within the first 24 h after ICU admission. Microbiological and clinical infectious data were reported as well as the antibiotics prescribed, their changes and the duration of therapy. Organ dysfunctions were evaluated at ICU admission and during the duration of mechanical ventilation according to the Sequential Organ Failure Assessment (SOFA) score [16] .
Day 1 (D1) was considered the day of initiation of invasive mechanical ventilation. Patients were monitored till D21, the day of successful weaning and extubation, the day of a non-VAP infection or the day of clinical diagnosis of VAP whatever arrived first (for definitions see Additional file 1).
The following clinical variables were collected daily: mechanical ventilation parameters at 08:00, American College of Chest Physicians/Society of Critical Care Medicine (ACCP/SCCM) consensus conference on sepsis criteria, simplified Clinical Pulmonary Infection Score (CPIS) [17, 18] , SOFA score, daily registry of the renal support therapy, surgery (type and reason), steroids (drug, dose and reason), any ICU-acquired infection other than VAP, antibiotic therapy if applied.
Blood samples were obtained from an arterial line at ICU admission and subsequently daily every morning for the routine assessment of CRP, PCT, MR-proADM and arterial blood gases. In all patients, a quantitative tracheal aspirate (QTA) was performed at ICU admission and subsequently twice a week (Mondays-Thursdays or Tuesdays-Fridays).
Patients were followed up till death or ICU discharge as well as hospital discharge. At 90th day, a telephonic interview was performed for outcome assessment.
For the present analysis, we compared biomarker kinetics of VAP patients and non-infected controls during the first 6 days of mechanical ventilation as well as at the day of VAP diagnosis. All VAP have microbiological documentation (for definitions, see Additional file 1).
Statistical analysis
Continuous variables were expressed as mean and standard deviation (SD) or median and interquartile range (IQR) if the distribution was clearly asymmetric. Comparisons between groups were performed with two-tailed unpaired Student's t test or Mann-Whitney U tests for continuous variables according to data distribution. Fisher's exact test and Chi-square test were used to carry out comparisons between categorical variables as appropriate.
In addition to CRP evaluation, we also assessed the relative changes in CRP concentration and the CRP ratio. The relative changes were calculated in relation to D1 CRP concentration.
Time-dependent analysis of different variables from D1 to D6 of mechanical ventilation was performed with general linear models univariate repeated measures analysis using a split-plot design approach.
For the statistical analysis of the patient's infectious status, VAP versus non-infected controls, as function of a longitudinal covariate, obtained from the six measurements of the variables of interest between D1 and D6 (CRP, PCT, MR-proADM, white cell count (WCC), temperature and CPIS), we used a two-step approach as previously described elsewhere [19] (for additional details, see Additional file 1), in order to evaluate the slope of each variable over time (see Additional file 2: Figure S1 ).
Receiver operating characteristics curves (ROC) were plotted for the day of VAP diagnosis of the studied variables. The accuracy of these variables was assessed calculating its area under the curve (AUC), assessment of the best cutoff value, sensitivity and specificity calculation as well as the likelihood ratios.
Data were analyzed using PASW version 20.0 for MAC (SPSS, Chicago, IL, USA) and R (R Development Core Team: A Language and Environment for Statistical Computing. Vienna, Austria: 2005). Adjusted odds ratios (OR) with 95 % confidence interval (CI) were computed. All statistics were two-tailed, and significance level was set at 0.05.
Results
During the study period, a total of 211 patients were included in the BioVAP study ( Fig. 1) . For the present analysis, we assessed all non-infected mechanically ventilated patients (N = 138). A total of 35 patients (25.4 %) developed VAP, 70 (50.7 %) had no infection and did not receive antibiotics (controls), and 33 (23.9 %) developed another non-VAP nosocomial infection. The last group was excluded.
The baseline patients' characteristics are presented in Table 1 . At the day of initiation of mechanical ventilation, patients that develop a VAP and non-infected controls presented similar characteristics, with the two exceptions; at admission, in VAP group, CRP was significantly lower and SOFA score was significantly higher when compared with controls. From the 35 VAP episodes (35/211-25.4 %), with 41 bacterial isolates (see Additional file 1), 18 were early VAP and 77.1 % were diagnosed during the first week of mechanical ventilation. The duration of mechanical ventilation till the diagnosis of VAP was (median) 5.0 days (IQR 4.0). To study the value in VAP prediction of the kinetics of each variable, we evaluated the absolute changes from D1 to D6 of mechanical ventilation assessed with the previously calculated slopes, as well the highest value and the Δ max .
Kinetics of biomarkers and inflammatory variables
The slope describes the rate of change per day of a particular variable in each patient from the beginning of mechanical ventilation, that is D1, till D6. Additional file 2: Figure S1 presents some examples of predictions of individual CRP slopes that describe the CRP rate of change per day in an individual patient. Among all the studied slopes (Additional file 1), only CRP and CRP ratio were significantly different between groups (p = 0.001, p < 0.001, respectively). The slopes of CRP and CRP ratio showed a reasonable diagnostic performance with a ROC-AUC >0.7. Besides, CRP and CRP ratio were significantly associated with VAP prediction (Table 2) . After adjustment for confounders, the slope of CRP was significantly associated with VAP development (aOR 1.624, CI 95% [1.206, 2 .189], p = 0.001). The ability of the model to predict VAP assessed by the area under the ROC curve was 0.71 (CI 95% [0.60; 0.82]). As an example, a patient with an average increase in CRP concentration of 1 mg/ dL/day from D1 till D6 of mechanical ventilation has 62 % greater chance of having VAP when compared with a patient with no CRP increase. The same is shown in Fig. 3 , with the CRP-slope calibration plot showing that the higher the slope, the higher the VAP probability.
We evaluated the highest value reached by a variable from the beginning of mechanical ventilation, that is D1, till D6 in VAP patients and non-infected controls. Of the studied variables (Additional file 1), only highest CRP ratio, MR-proADM and temperature were significantly different between groups (p < 0.001, p = 0.014, p = 0.027, respectively). However, only the highest value of CRP ratio showed a reasonable diagnostic performance with a ROC-AUC above 0.7. Moreover, the highest value of CRP ratio and MR-proADM were significantly associated with VAP prediction (Table 2) . After adjustment for confounders, highest CRP ratio was significantly associated with VAP development (aOR 1.202, CI 95% [1.061, 1.363], p = 0.004). The ability of the model to predict VAP assessed by the area under the ROC curve was 0.75 (CI 95% [0.64; 0.87]) for the highest CRP ratio. As an example, for each 10 % increase in the highest CRP ratio concentration from D1 to D6 was associated with a 20 % greater chance of having VAP when compared with a patient with no CRP ratio change. The same is shown in Fig. 3 , with the calibration plot showing that the higher the highest CRP ratio, the higher the VAP probability.
The maximum delta (Δ max ) evaluates the difference between the lowest and the highest value of each variable from the beginning of mechanical ventilation, that is D1, till D6 in VAP patients and non-infected controls. Of the studied variables (Additional file 1), only CRP, CRP ratio and MR-proADM were significantly different between groups (p < 0.001, p < 0.001, p = 0.01, respectively). The Δ max of CRP showed a good diagnostic performance with a ROC-AUC >0.75 but was outperformed by Δ max of CRP ratio with an ROC-AUC of 0.82. Besides, Δ max of CRP and CRP ratio was significantly associated with VAP prediction ( . The inverted U-shape of the three curves clearly shows that the kinetics of PCT assessed by the slope, the highest value as well as the Δ max was not useful in VAP prediction that is far from the ideal linear correlation that is indicative of a good diagnostic marker.
Discussion
The present analysis of the BioVAP study showed that, among the studied biomarkers, only the kinetics of serial CRP measurements during the first 6 days of mechanical ventilation was useful in VAP prediction. We showed that the rate of change per day of CRP and CRP ratio, but also the highest value of CRP ratio and the maximum change in CRP and CRP ratio during the study period were all associated with VAP prediction. In addition, at the day of VAP diagnosis we showed that a single measurement of CRP was useful in particular to exclude VAP diagnosis, whereas CPIS was better to include VAP.
In our analysis, VAP and controls presented similar baseline characteristics, with the exception of CRP, which was higher in the control group, and SOFA score, which was higher in patients that developed VAP. Our study was not designed to assess mortality or prognosis of mechanically ventilated patients but to evaluate the predictive performance for VAP of the kinetics of different biomarkers, that is to say, to identify patients with a high probability VAP, before its clinical diagnosis. To do so, we assessed the kinetics of several biomarkers during the first 6 days of mechanical ventilation to evaluate their performance in VAP prediction, not as risk factors [20] .
In VAP, some studies have previously looked at PCT and/or CRP concentration changes before diagnosis. Luyt et al. [13] found that PCT, either absolute values or concentration changes in the 5 days before diagnosis, had a poor diagnostic performance for late VAP. Charles et al. [21] showed that, within the period spanning 3 days before the day of diagnosis, PCT changed only in the last 24 h but with a very good diagnostic performance. Finally, Fig. 3 Curve of disease risk probability of ventilator-associated pneumonia (VAP), for the possible range of kinetics of CRP concentration changes over time, assessed by the slope, highest value and Δ max from day 1 to day 6 of mechanical ventilation (a-c CRP, d-f PCT, respectively). Ideally, the line should show a linear relationship between the marker and the probability of VAP. For PCT, the same calibration plots are presented (slope, highest and Δ max in the diagnosis of aspiration syndromes, PCT presented a poor diagnostic performance in three studies [22] [23] [24] , whereas CRP showed to be clinically helpful in the one study in which it was evaluated [22] . None of these studies performed an analysis of biomarker kinetics.
In our study, it was also clear that, from D1 to D6 of mechanical ventilation, both CRP and CRP ratio increase steadily in VAP group and became significantly higher from D5 onwards. Of the studied biomarkers, the slope of CRP was the individual variable most useful in VAP prediction. In addition, the calibration plot nicely separates those patients with low slopes and low probability of VAP from those with higher slopes and higher probability. This is particularly relevant, since monitoring the course of a single biomarker is much easier to interpret than the calculation of a score.
Besides, we also evaluated a single biomarker measurement on the day of VAP diagnosis. In doing so, we found that CRP was the best biomarker. With a similar methodology, we have previously showed that CRP presented a good performance in VAP diagnosis, and interestingly found an almost equal cutoff of 9.6 mg/dL [25] .
As far as we are aware, the present study is the first using strict inclusion criteria comparing the diagnostic performance of CRP and PCT in VAP prediction. Previous studies comparing the diagnostic performance for infection of a single value of CRP and PCT in different clinical scenarios showed that, at the day of diagnosis, the AUC of CRP was always higher than of PCT [22, [26] [27] [28] [29] [30] [31] . Similarly, in our study in VAP patients, CRP performed better than PCT, presenting a good negative likelihood ratio, meaning that CRP is a good biomarker to exclude that diagnosis in the presence of dubious clinical manifestations. On the opposite, the poor diagnostic performance of PCT has been attributed to the relatively low virulence of the usual microorganisms found in VAP [8, 32] as well as being considered a compartmentalized infection [32, 33] .
The MR-proADM is a novel biomarker and has not yet been well evaluated in the diagnosis of infection [34] , and never before in VAP. In our study, MR-proADM showed a poor diagnostic performance for VAP.
At the day of VAP diagnosis, CPIS showed to be superior to any of the studied biomarkers. It had an excellent diagnostic performance, namely a high positive likelihood ratio. Regarding CPIS, there is still controversy concerning its widespread clinical use as a surrogate of VAP diagnosis since it lacks well-done studies of validation as well as marked inter-observer variability [35] . Besides, the routine use of CPIS is time-consuming and not possible to be mentally calculated; however, in the upside, it is an inexpensive tool.
Our study has several strengths. First, this is a multicenter prospective observational study that limits the potential bias of reflecting only the practice from one center, as well as from retrospective data collection. Second, we followed a group of patients ventilated for noninfectious reasons during the first 6 days of mechanical ventilation. This way we could assess the kinetics of biomarkers in VAP prediction.
Besides, we recognize that the present study has limitations. First, the nonrandomized and observational nature of the study design bears the potential of unmeasured confounders that may have caused differences in therapeutic and supportive approach. Second, despite the use of quantitative cultures in VAP diagnosis, it is important to consider the potential false-positive and false-negative rates of quantitative cultures that could have influenced the results. Third, our findings can only be applied to non-infected patients admitted in the ICU for invasive MV and on MV for >72 h. Fourth, since measurement CRP was available daily in all centers and PCT in three centers, this could have introduced potential unmeasured bias in patient classification. Finally, it is possible that other types of patients as well as infections, not VAP, may have different biomarker time courses. Thus, the presence of non-pulmonary infections besides VAP may influence the diagnostic accuracy we report in this manuscript. Besides, our results are not applicable to patients that have a previous infection since we compared cases initially non-infected to non-infected controls.
Conclusions
In summary, we found that the combination of two cheap and widely available tools, CRP and CPIS, could be very helpful in the approach of patients undergoing mechanical ventilation with risk of VAP but always in combination with the available clinical data. On the one hand, we showed that the kinetics of CRP in the days before VAP diagnosis, namely the slope of CRP, could be useful in VAP prediction. A patient with an average increase in CRP of 1 mg/dL/day has 62 % greater chance of having a VAP when compared with a patient with no CRP increase during the first 6 days of mechanical ventilation. In addition, on the day of VAP, we could use CRP and CPIS, since CRP could be useful to exclude VAP diagnosis and CPIS to admit the diagnosis. As a result, this innovative approach needs to be further validated in different settings and with a larger sample size.
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